Abstract
Introduction
Microorganisms are shown to play important roles in the diseased processes of periodontal and pulpal/periapical lesions. Various periodontal and root canal pathogens such as Porphyromonas, Eubacterium, Fusobacteria and Peptococci etc. may be involved in the initiation and propagation of these diseased processes by generation a number of toxic products such as lipopolysaccharide, short chain fatty acids (SCFA), proteases etc. [1] [2] [3] [4] [5] . During the metabolism of amino acids, hexose or pentose by microorganisms, significant amounts of butyric acid are produced in the periodontal pockets and root canals [2] [3] [4] [5] , and affect the biological activities of adjacent periodontal cells (e.g., gingival fibroblasts, bone cells, periodontal ligament cells). The concentration of SCFAs (e.g., acetic acid, propionic acid and butyric acid) in gingival crevicular fluid (GCF) from diseased periodontal pocket is generally at mM concentration, and associated with the severity of periodontal diseases. SCFA levels of GCF declined after nonsurgical periodontal treatment [4, 6] . The mean concentrations of butyric acid in GCF collected from sites of severe periodontitis, mild periodontitis and healthy teeth are about 2.6 mM, 0.2 mM and undetectable, respectively [4] . The other paper also shows the level of butyric acid to be 0.5-16 mM in GCF from sites with different diseased status [7] .
Butyrate at higher concentrations may inhibit leukocyte apoptosis and function, but stimulates leukocyte cytokine production. It also impedes the growth of vascular endothelial cells, gingival epithelial cells and fibroblasts [3, 8, 9] . Higher concentration of butyrate (1 mM) suppresses the Runt-related transcription factor 2 (Runx2), osterix, distal-less homeobox 5 (Dlx5), Msh homeobox 2 (Msx2), alkaline phosphatase (ALP), osteocalcin, and bone sialoprotein expression, but stimulates AJ18 expression of ROS17/2.8 osteoblasts [10] , suggesting inhibition of differentiation. Butyric acid further suppressed the proliferation and Con A-stimulated interleukin 2 (IL-2), IL-4, IL-5, IL-6, and IL-10 production in splenic-T cells [11] . All these effects are involved in the diseased processes of periodontal and periapical tissue injuries.
ROS are critical molecules for induction of signal transduction and toxic events by chemicals and carcinogenic agents [12, 13] . Recent study suggests that increased ROS levels are associated with bony destruction in periodontitis [14] . Butyrate has been shown to suppress the proliferation of periodontal tissue cells and thus contribute to the periodontal tissue inflammation and breakdown. The cell growth is tightly controlled by cell cycle and cell cycle-related genes such as cdc2, p21 and cyclins [15, 16] . We hypothesized that butyrate may impair bone tissue healing via inhibition of collagen formation, cell growth and cell cycle progression of osteoblasts, inducing ROS production and involved in the pathogenesis of periodontal and periapical diseases. We therefore investigated the effect of butyrate on the growth, cell cycle progression, collagen expression and ROS production of MG-63 osteoblastic cells.
Materials and Methods

Materials
MG-63 osteoblastic cells were from American Type Culture Collection (ATCC, USA). All cell culture biologicals were obtained from Gibco (Life technologies, Grand Island, NY, USA). Propidium iodide (PI), sodium butyrate, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and 2',7'-Dichlorodihydrofluorescein diacetate (DCFH-DA) were bought from Sigma (Sigma Chemical Company, St. Louis, MO, USA). The SuperScript TM III FirstStrand DNA synthesis system for reverse transcriptase polymerase chain reaction (RT-PCR) was from Invitrogen (Invitrogen Corporation, Carlsbad, CA, USA). RNase A for flow cytometric analysis was from Becton-Dickinson (San Jose, CA, USA). Antibodies against Glyceraldehyde 3-phosphate dehydrogenase (GAPDH), cdc2, cyclin B1, p21, and type I collagen were obtained from Santa Cruz (Santa Cruz, USA). Antibodies for p27 and p57 were from GeneTex (GeneTex International Corporation, Hsin-Chu City, Taiwan).
Culture of MG-63 cells
MG-63 cells were cultured in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal bovine serum (FBS), 1x penicillin and 100 μg/ml of streptomycin. were cultured in 6-well culture plates for 24 h at 37˚C. Cells were subsequently cultured in fresh medium containing different concentrations of butyrate (1-16 mM) for 5 days. Medium was aspirated and the insoluble formazan generated by viable cells were dissolved in dimethylsulfoxide (DMSO) and read against solvent blank (DMSO) at a wavelength of 540 nm (OD540) by an enzyme-linked immunosorbant assay (ELISA) reader (Multiskan Spectrum, USA) [17] .
Cell Viability Assay
Effect of butyrate on the cell cycle progression of MG-63 cells
In brief, 5 x 10 5 of MG-63 cells were inoculated onto 6-well culture plates. After 24 h of cell adhesion, they were incubated to various concentrations of butyrate (1-16 mM) for 24 h. After incubation for 24 h, floating cells in the culture medium were collected. The attached MG-63 cells were detached from the culture wells by treatment with trypsin/ethylenediamine tetraacetic acid (EDTA). Thereafter we collected both the floating and attached cells. Cell cycle analysis was done as described previously [18, 19] . Briefly, we washed the collected cells with phosphate buffered saline (PBS) and then fixed the cells in 70% ice-cold ethanol. After 24 h, the cells were washed with PBS, and then incubated in PBS containing RNase. Finally, the cells were stained for 15 min with propidium iodide (PI, 40 μg/ml). After washing and centrifugation, the fluorescence of PI in MG-63 cells was counted by flow cytometric analysis (FACSCalibur, Becton Dickinson, Worldwide Inc., San-Jose, California). The wavelength of laser excitation was set at 488 nm with an emission wavelength collected at higher than 590 nm. The PI fluorescence of 20000 cells was analyzed for both control and experimental samples. We determined the percentage of cells residing in sub-G0/G1, G0/G1-, S-and G2/M phases by using ModiFit software and CellQuest programs. Lastly, the reaction was completed at 72˚C for additional 10 min. The specific primer pairs of this study were: cyclin B1, cdc2 and p21 as described before [9, 21] . The PCR-amplified products were subjected to 1.8% agarose gel electrophoresis and then the gels were stained with ethidium bromide and pictures were taken. The PCR-amplified DNA product that presented linear in relation to the input RNA was used for picture and data presentation. The amplification of the β-actin (BAC) gene was used as control.
Effects of Butyrate on Cell cycle-related, and Type I Collagen Protein Expression
Briefly, 1-1.5 x 10 6 of MG-63 cells were inoculated onto 10-cm culture dishes. After 24 h of cell attachment, they were exposed to different concentrations of butyrate (0-16 mM) for 24 h. After washing with PBS, cells were disrupted in lysis buffer (10 mM Tris-HCl, pH 7; 140 mM sodium chloride; 3 mM magnesium chloride; 0.5% NP-40; 2 mM phenylmethylsulfonyl fluoride; 1% aprotinin; and 5 mM dithiothreitol) [17, 18, 20] . Then aliquots (20-50 μg protein) of cell lysates were subjected to 12.5% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and conveyed to a polyvinylidene fluoride (PVDF) membrane. The membrane was then blotted with anti-human cdc2, cyclin B1, p21, p27, p57, type I collagen and GAPDH antibodies for 2 h. The membranes were then incubated with anti-goat, anti-mouse, or antirabbit horseradish peroxidase-linked secondary antibodies, respectively (Jackson ImmunoResearch Laboratories, West Grove, PA, USA) for 1 h. After washing of the membrane by buffer, ECL reagents (Amersham) were added and the chemiluminescence was identified by exposure of the membranes to Fuji films for 30 s to 10 min. The strength of immunoreactive band of GAPDH was utilized as control.
Immunofluorescent Microscope Observation of Cellular Type I Collagen Expression
Briefly, 1 x 10 5 of MG-63 cells were seeded on the sterile coverslips in a 24-well plate in DMEM and 10% FBS. After 24 h, they were subjected to different concentrations of butyrate (0-16 mM) for additional 24 h. Medium was decanted, and cells were rinsed with PBS and fixed for 20 min in 4% paraformaldehyde. Cells were washed by PBS, membrane penetration with 2% Triton X-100, incubated for 20 min in 0.3% v/v H 2 O 2 . After washed with PBS, cells were blocked in 5% bovine serum albumin (BSA) for 1 h and then incubated in primary antibodies (against type I collagen) at room temperature overnight. After washing by PBS, cells were incubated in corresponding secondary antibody in the dark for 1 h and counterstained for 30 min with 4',6-diamidino-2-phenylindole (DAPI, 1:1000) [17] . Finally the samples were mounted and observed/photographed by an Olympus IX71 inverted microscope and DP Controller/Manager software (Olympus Corporation).
Effect of butyrate on cellular ROS levels
Briefly, 2.5 x 10 5 of MG-63 cells were plated into 6-well culture wells. After 24 h of cell adhesion, cells were incubated in fresh medium containing different concentrations of butyrate (0-16 mM) for 24 h. ROS levels in MG-63 cell were measured by single cell DCF fluorescence flow cytometric analysis as described previously [19, 22] . Briefly, MG-63 cells were treated with 10 μM DCFH-DA for the final 30 min. Cells were then washed with PBS, collected and soon subjected to flow cytometry analysis of cellular DCF fluorescence (Becton Dickinson, USA).
Statistical Analysis
Four or more separate experiments were performed with similar results. Results were analyzed by one-way ANOVA and post-hoc Turky test. A p value < 0.05 was considered to have statistically significant difference between 2 groups. PCR and western blotting images were analyzed by Image J software for quantification and results were expressed as fold of control. In some experiments, the 50% inhibitory concentration of butyrate was calculated by regression analysis. (Fig 1) .
Results
Effect of Butyrate on the Proliferation of MG-63 Cells
Effect of Butyrate on Cell Cycle Progression of MG-63 Cells
Butyrate induced G2/M cell cycle arrest of MG-63 cells at concentrations of 4-16 mM (Fig  2A) . When MG-63 cells (5 x 10 5 MG-63 cells/well) were exposed to butyrate (4-16 mM) for 24
h, a discernible increase in sub-G0/G1 population of MG-63 cells was observed (Fig 2B) .
Effect of Butyrate on Cell cycle-related Gene Expression
RT-PCR analysis revealed a decline of cdc2, cyclinB1 mRNA expression and a rise in p21 mRNA expression was noted after exposure of MG-63 cells to butyrate (> 2 mM) (Fig 3A) .
Effect of Butyrate on Cell Cycle-Related Proteins Expression
Similarly a decline in cdc2 and cyclin B1 protein expression of MG-63 cells was noted after exposure to butyrate (> 1 mM). An increase in p21, p27 and p57 protein expression was noted at butyrate concentrations higher than 2 mM (Fig 3B) . Quantitatively, butyrate stimulated the expression of p21 to 1.8-9.1-folds of control at concentrations ranging from 1-16 mM (Fig  3C) . At similar concentrations, butyrate also induced p27 protein expression to 2.22-to 2.73-fold of control (Fig 3D) . Accordingly, butyrate stimulated p57 proteins expression by 1.3 to 1.7-fold of control, at concentrations of 4-16 mM (Fig 3E) , Butyrate inhibited cyclin B1 protein expression with an IC50 of about 12.5 mM (Fig 3F) . Butyrate suppressed the cdc2 expression at concentrations of 8 and 16 mM, with 23% and 32% of inhibition (Fig 3G) .
Effect of Butyrate on Type I Collagen Expression
The protein level of type I collagen also decreased after exposure to butyrate (>1 mM) as analyzed by western blotting (Fig 4A) . Quantitatively, butyrate inhibited the collagen protein expression of MG63 cells by 43% to 77% at concentrations ranging from 2 mM to 16 mM (Fig  4B, S1 Table) , with a 50% inhibitory concentration (IC50) about 3.2 mM. Accordingly, immunofluorescent analysis of type I collagen expression in MG-63 cells also revealed the decreased protein expression of type I collagen (green fluorescence) after exposure of MG-63 cells to butyrate (Fig 4C) . Fig 5) .
Effect of Butyrate on ROS Production of MG-63 cells
Discussion
Microorganisms are the key etiologic factors of chronic periodontitis and pulpal/periapical diseases. Butyric acid and other SCFA are the metabolic/toxic products generated by numerous pathogenic microorganisms. Their levels in GCF may reach mM concentrations and pose toxic effect on periodontal and periapical tissue cells [3, 4, 7] . Interestingly, we found that butyrate inhibits the growth of MG-63 osteoblastic cells at concentrations higher than 4 mM, suggesting their roles in bony destruction and impairment of periodontal/periapical bone healing response. The toxicity of butyric acid is associated with its influence on cell cycle progression. Intriguingly, we discovered that butyrate induced G2/M cell cycle arrest at higher concentration. In addition, butyrate induced apoptosis of MG-63 cells at higher concentrations. This may partly justify the decrease of viable cell number of MG-63 cells after exposure to butyrate. The G0/G1 and G2/M cell cycle progression is tightly controlled by a number of proteins such as cdc2, cyclin B1, and p21 [14, 23, 24] . During cell mitosis, cyclin B1 may form complex with cdc2 that can be dephosphorylated at T14 and Y15 by cdc25C phosphatase leading to full activation of its cdc2 Ser/Thr kinase activity and cell cycle progression [25] [26] [27] . However, limited information is known regarding the effect of butyrate on cell-cycle related genes of osteoblasts. Interestingly, we found that butyrate down-regulates cdc2, and cyclinB1 gene expression at transcriptional level. Moreover, the protein levels of cdc2 and cyclinB1 in MG-63 cells were also suppressed, whereas p21, p27 and p57 were stimulated after exposure to butyrate. Accordingly, butyrate, as an inhibitor of histone deacetylation, inhibits the growth of liver cancer cells via down-regulation of cdc2 and cyclin E and cyclin B1 in oral cancer cells [28, 29] . In addition, three cyclin-dependent kinase inhibitors-p21, p27 and p57 may affect G0/G1 and G2/M cell cycle progression by inhibition of cdc2/cylin B1 and cyclin D/Cdk4/6. They also play important roles in cellular apoptosis, senescence, differentiation, cell motility and migration [30, 31] . In this study, the induction of p21, p27 and p57 by butyrate may partially explain its growth inhibitory and apoptotic effects to MG-63 cells. However, butyrate (0.1 mM) has been shown to stimulate osteopontin, bone sialoprotein expression and mineralized nodule formation in healthy human osteoblasts, suggesting a role in bone differentiation [32] . Further studies are necessary to clarify the role of butyrate on differentiation, cell motility and migration of MG-63 osteoblastic cells.
In this study, butyrate also suppresses the type I collagen expression of MG-63 cells. Extracellular matrix proteins such as fibronectin and type I collagen have been shown to activate integrin receptors and down-stream signaling molecules to regulate survival, cell cycle progression, gene expression and matrix mineralization of osteoblasts [33] . The secretion of butyrate from periodontal/periapical microorganisms may thus impair bone repair by inhibition of type I collagen production. However, butyrate is also found to stimulate prostaglandin E 2 (PGE 2 ) production, cyclooxygenase (COX) expression, to regulate PGE 2 receptors-EP1 and EP2 receptor, expression and the stimulation of collagen and osteopontin expression in ROS17/2.8 osteoblasts [34] . The precise reasons for this contrast result are not known and await further investigation.
The above toxic effects of butyrate on MG-63 cells may be associated with ROS production. Inducing cytotoxicity, genotoxicity and inflammatory mediators' release by a number of chemicals such as cadmium, areca nut, resin monomers and camphorquinone are associated with cellular ROS production [12, 17, 20, 35] . The sources of ROS can be derived from host cells and microorganisms such as Porphyromonas gingivalis and Enterococci faecalis [36] [37] [38] . Overproduction of ROS may reduce cellular glutathione, damage DNA, proteins and lipids, to activate check-point kinases and control the cell cycle-and apoptosis-related genes [39, 40] . Lately redox injectable gel has been effectively used to scavenge ROS and suppresses alveolar bone Toxic Effects of Butyrate on Periodontal Cells resorption in rat periodontitis models [41] , suggesting the role of ROS in periodontal/periapical bony destruction. Intriguingly, ROS levels in MG-63 cell are elevated after exposure to butyrate in this study. Stimulation of ROS production may be involved in the toxicity of butyrate and the progression of bone destruction. These results indicate that accumulating and generation of butyrate in the periodontal and root canal biofilms may stimulate inflammatory mediators or deregulate host's defense, contributing to periodontal or periapical bony destruction.
In conclusion, the results of this study indicate that butyrate generated by periapical/periodontal microorganisms exhibits cytostatic effect of osteoblastic cells probably via inhibition Toxic Effects of Butyrate on Periodontal Cells the cell cycle related genes, such as cdc2, and cyclinB1, as well as the induction of p21, p27 and p57 leading to cell cycle arrest and apoptosis. Butyrate also suppresses type I collagen expression. These events may impair the bone tissue repair and regeneration. These toxic effects of butyrate may be related to ROS production and contributes to the pathogenesis of periodontal/periapical tissue destruction. 
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